Introduction. We aimed to investigate if labor onset before planned cesarean delivery (CD) affects the risk of neonatal admission, respiratory distress, or neonatal infectious morbidity. Material and methods. Our cohort included singleton term pregnant women with intended CD who delivered at Aarhus University Hospital from 1990 to 2012. Two groups of women were identified: women with intended CD performed before labor (nonlabor CD) and women with intended CD performed after spontaneous labor onset (labor-onset CD); in both groups there was no other maternal or fetal medical indication for an immediate CD or for early-term CD scheduling. Data were stratified in earlyterm (37-38 weeks) and full-term (39-40 weeks) deliveries. The main outcome measures were neonatal admission, respiratory distress and neonatal infectious morbidity. Results. Among 103 919 live births, 5071 deliveries were nonlabor CDs and 731 were labor-onset CDs. Compared to nonlabor CD, labor-onset CD was associated with similar risks of neonatal admission and respiratory distress, both at early and full term, but with a two-to three-fold increased risk of newborn septicemia or antibiotic treatment at early term. Labor onset at early term was associated with a lower risk of maternal blood loss of more than 500 mL, but with a higher risk of postoperative antibiotic treatment and endometritis. Conclusions. Labor onset before planned CD was not associated with a decrease in neonatal respiratory morbidity, but may be associated with increased risks of neonatal infection.
Introduction
Between 13 and 25% of all women with full-term scheduled cesarean delivery (CD), i.e. at gestational age 39-40 weeks, will present with spontaneous labor onset before the scheduled delivery date (1) (2) (3) . Spontaneous labor onset might indicate or induce a physiological "readiness" of the fetus and reduce the risk of neonatal respiratory morbidity associated with CD without prior labor onset (4) . However, this may be at the expense of neonatal and puerperal infections resulting from prelabor rupture of membranes (PROM) before the CD. It is uncertain whether an increased proportion of labor onset cesarean
Key Message
There was no neonatal respiratory benefit but more neonatal infections with labor onset before planned cesarean delivery. sections associated with scheduling CD at full term could outweigh or even amplify the possible benefits gained from avoiding more early-term birth (5) (6) (7) (8) . Several previous studies concluded that neonatal respiratory morbidity decreased with the onset of spontaneous labor before CD but none of these were able to estimate the influence of labor onset among intended CDs (1, (9) (10) (11) (12) (13) . No association was found between labor onset and neonatal respiratory distress or hospital admission after adjustment for gestational age in a small cohort study of planned CD (14) .
In the present study, we evaluated the association between labor onset before CD and neonatal admission, infection or respiratory morbidity in a large sample of intended CDs. To investigate whether labor onset plays a different role at different gestational ages (15) , we studied labor onset stratified into early-term and full-term deliveries.
Material and methods
We used data from the Aarhus Birth Cohort (16) from 1 January 1990 through 31 December 2012. During this period, the data collected were essentially unchanged. The Aarhus Birth Cohort holds information on all deliveries at Aarhus University Hospital, which is a public delivery facility with approximately 5000 deliveries annually and a tertiary neonatal intensive care unit service. Healthcare in Denmark including antenatal care and fetal ultrasound screening is tax-financed, and there are no private delivery facilities. Pregnant women attending routine antenatal care at Aarhus University Hospital are asked to complete a pregnancy questionnaire early in the second trimester, providing information on medical and obstetric history, tobacco and alcohol use, and socio-economic status.
Immediately after delivery, the attending midwife documents the course of delivery and newborn status in a structured birth registration form. Planned CDs are categorized as either planned procedures (performed at the scheduled time of delivery) or unscheduled, but already planned procedures (intended CD performed before the scheduled time of delivery).
With a time frame of 30 days postpartum, trained midwives collect data from patient records on neonatal admission, including treatment with antibiotics, and on maternal puerperal infections. From January 1998 a separate form including information on neonatal admission, treatment, discharge diagnoses (according to the International Classification of Diseases 10th revision; ICD-10), and procedures have been completed for all neonatal admissions. This information is provided by neonatology specialists.
We included women with intended CD and singleton pregnancies in the study cohort. Women who delivered before 37 weeks 0 days or later than 40 weeks 6 days were excluded. We further excluded women with preeclampsia or other hypertensive disorders, nonreassuring fetal status, immunization, fetal growth restriction, or maternal pregestational or gestational diabetes.
The remaining intended CDs without any registered indication for immediate delivery or otherwise specific gestational age timing were then classified according to labor exposure as nonlabor CD, including women with a planned CD performed before labor onset and/or PROM, and labor-onset CD, including women with intended CD performed as an unscheduled procedure because of labor onset and/or PROM.
Among women with contractions, labor was defined as regular contractions and cervical progression. PROM was always a clinical diagnosis; the midwife observed amniotic fluid in a sanitary towel or, in cases of doubt, a physician observed a vaginal pool of fluid when performing a gynecological examination. The time interval from PROM or start of contractions to delivery was not routinely registered in women with an already planned CD. Antibiotic treatment was not routinely administered to neonates after labor-onset CD, but only when indicated by symptoms, positive blood culture, or elevated infection parameters.
From 1 January 1990 to 31 December 1997 we used birth registration forms to acquire data on postpartum neonatal admission or antibiotic treatment; from 1 January 1998 more detailed information on neonatal admissions was used.
We investigated first neonatal admission within 30 days after delivery, neonatal respiratory morbidity, and neonatal systemic antibiotic treatment. Eighty-eight percent of all neonatal admissions occurred within 2 days postpartum. Only admissions to a neonatal care unit were considered, whereas planned admissions of newborns due to breastfeeding training or as part of the mother being admitted were not.
Neonatal respiratory morbidity was defined as any of the following ICD-10 codes: DP220 (Respiratory distress syndrome of the newborn), DP228 (Other respiratory distress of the newborn), DP229 (Respiratory distress of the newborn, unspecified), DP221 (Transient tachypnea of the newborn), DP293 (Persistent fetal circulation), or application of any respiratory support by nasal continuous positive airway pressure (first-line treatment), supplementary oxygen (second-line treatment), or mechanical ventilation.
Neonatal infectious morbidity was defined as neonatal septicemia as registered by the following ICD-10 codes for neonatal sepsis: DP360, DP362, DP364, or DP369, or as intravenous antibiotic treatment administered during admission for suspected or blood-culture-verified infection (17) .
Maternal adverse outcomes included any hospitalinitiated antibiotic treatment within 30 days after delivery other than antibiotics routinely administered during the CD, a clinical diagnosis of endometritis (defined as purulent vaginal discharge, fever, and pain), and a total blood loss in the delivery room of more than 500 mL.
We compared labor CDs (exposure group) with nonlabor CDs (reference group) with respect to proportions of each outcome. Initially, we estimated the crude risk of each adverse outcome as odds ratios (OR) using logistic regression models. In the adjusted model, we included maternal age in years (continuous), cohort year (5-year strata), prepregnancy body mass index (<18; 18-25; 25-30; 30-35; >35 kg/m 2 ), smoking (yes/no), parity (0 or 1+), previous CD (yes/no), and educational level (<10 or 10+ years of schooling). These covariates were a priori chosen because they may influence the gestational age at which CD was scheduled, the woman's risk for going into labor before the planned CD, and maternal or neonatal morbidity. The robust standard deviation method was used to compensate for women with more than one delivery registered in the cohort. All measures of association were calculated for two separate strata of gestational age; early term (37 weeks 0 days to 38 weeks 6 days) and full term (39 weeks 0 days to 40 weeks 6 days), with full-term nonlabor CD as reference. We repeated the analyses comparing women with CD during gestational week 38 (38 weeks 0 days to 38 weeks 6 days) and 39 (39 weeks 0 days to 39 weeks 6 days) using nonlabor CD at 39 weeks 0-6 days as reference (18) .
From 1990, gestational age was determined by use of the last menstrual period; if ultrasonography was more than 2 weeks discrepant from the estimated date, ultrasound was used. From 2004, gestational age was determined by use of the crown-rump length measured at the routine nuchal translucency scan.
A considerable number of missing observations was found for the self-reported covariates body mass index, smoking, parity, previous CD, and educational level. To keep observations with missing data in the analyses, a separate category for missing values was made for each of these covariates.
Sensitivity analyses were conducted for women presenting with PROM at labor onset. All analyses were conducted using STATA 13 (Stata Corp., Collage Station, TX, USA).
The study was exempt from Institutional Review Board approval and was approved by the Danish Data Protection Agency (1-16-02-246-14) .
Results
On 1 January 2013 the Aarhus Birth Cohort included data on 109 600 deliveries. We excluded multiple pregnancies, intended vaginal deliveries (including labor inductions), indications for immediate delivery other than labor-onset, CDs indicated by pregnancy or fetal complications before delivery, and deliveries with a gestational age <37 +0 or >40 +6 weeks of gestation ( Figure 1 ). The final sample consisted of 5802 intended CDs of which 528 CDs (9.1%) were performed at 37 weeks 0-6 days of gestation (37 weeks), 2567 CDs (44.2%) at 38 weeks of gestation, 2386 CDs (41.1%) at 39 weeks of gestation, and 321 CDs (5.5%) at 40 weeks of gestation. Among women with labor-onset CD, 401 (55%) were registered with PROM and 330 (45%) were registered with contractions before their CD. Table 1 shows the demographic characteristics of the cohort. Women with labor-onset CD were more likely to be nulliparous without a previous CD compared with women with nonlabor CD. Women with early-term CD were more likely to have smoked during pregnancy.
Initially we compared outcomes after labor-onset CD and nonlabor CD performed at gestational weeks 37-40. The unadjusted risks for neonatal intravenous and overall antibiotic treatment, but not neonatal admission or respiratory disease, were increased after labor-onset CD. With adjustment for confounders other than gestational week, the estimates were similar. After additional adjustment for gestational week at CD, there was no difference in the risk of any of the neonatal adverse outcomes between labor-onset CD and nonlabor CD (data not shown). In Table 2 we present adverse neonatal and maternal outcomes after nonlabor and labor-onset CD in the earlyterm and full-term strata. Fewer neonatal admissions were seen after nonlabor CD at full term, followed by laboronset CD at full term and nonlabor CD at early term, and with the highest frequency after labor-onset CD at early term. This pattern was somewhat consistent for most outcomes except maternal blood loss of >500 mL, where the lowest frequency (3.6%) was found with labor onset at early-term CD.
At full term, newborns delivered by labor-onset CD were more likely to receive antibiotic treatment compared with newborns delivered by nonlabor CD (adjusted odds ratio (aOR) 3.5, 95% CI 1.6-7.3), whereas labor onset was associated with similar risks of neonatal admission, respiratory disease, and septicemia (Table 3) . Mothers having labor-onset CD at full term were twice as likely to receive antibiotic treatment in addition to prophylactic antibiotics (aOR 2.0, 95% CI 1.1-3.7), but their risk of endometritis was similar (aOR 1.3, 95% CI 0.3-5.8).
At early term, the risk of neonatal admission and respiratory disease was similar irrespective of labor onset, whereas the risk of septicemia or receiving antibiotics was higher among newborns delivered by labor-onset CD (Table 3) . Early-term labor-onset CD was associated with a higher risk of maternal antibiotic treatment and endometritis than nonlabor CD. In contrast, fewer women with early-term labor-onset CD had a blood loss of > 500 mL (Table 3) .
When we limited the study population to CDs performed between 38 weeks 0 days and 39 weeks 6 days of gestation, labor-onset CD was not associated with an increase in adverse neonatal or maternal outcomes in either gestational week (see Supplementary material, Table S1 ).
Discussion
In a large cohort of intended CDs without pregnancy or fetal complications indicating early or unscheduled delivery, we found a similar risk of neonatal admission, Data are number/total number (%) unless otherwise specified. Proportion of data missing in the following categories: BMI (23%), parity (8%), previous CD (3%), maternal smoking (31%), and years of schooling (37%). respiratory morbidity, and septicemia, but a possible three-to four-fold increased risk of neonatal infection with labor-onset CD at full-term gestation. Within earlyterm gestational groups, the same pattern applied. Hence, our results point towards unfavorable neonatal outcomes associated with labor onset before a CD in women without maternal or fetal risk factors for expedited delivery. Our findings, in contrast to most previous studies, do not support neonatal benefits of labor onset before CD (13, 14) . As we do not know of any prospective, interventional studies on the effect of labor onset before CD, large cohort studies like the present study represent the best possibility to address this topic. Unlike data from other cohorts, an important strength of our study was the ability to identify intended CDs and to exclude CDs with supervening complications from our population; this may reduce, but does not eliminate, confounding by indication.
Our study population was defined mainly by residence area and consisted of women with mixed parity and who were primarily of white European ethnicity (more than 90% were born in Denmark). The proportion of missing outcomes (0.2-8% per outcome) was similar between labor-onset and nonlabor CDs (data not shown).
Weaknesses may pertain to this study. We carefully restricted our population to women without any indication of immediate delivery other than labor onset and with an already planned CD. The selection process as well as the small size of our final cohort sample (5.3% of the total birth cohort) may have introduced bias to our data. As our hypothesis that labor onset improves neonatal outcomes is likely to have been the prevailing clinical assumption, differential reporting of neonatal outcomes would most likely be towards more vigorous reporting of adverse outcomes in nonlabor CDs. If this is true, our results may in fact underestimate the risk of adverse outcomes in labor-onset CDs.
There may be a risk of confounding by indication if women with undiagnosed or unregistered indications for immediate delivery were included more frequently in one rather than the other exposure group. This may be particularly important among women with nonlabor early-term CDs; in this group the indication for early-term Table 3 . Crude and adjusted odds ratios with 95% confidence intervals of adverse neonatal and maternal outcomes after nonlabor and laboronset cesarean delivery (CD) early term (37 and 38 weeks) and term (39 and 40 weeks) (n = 5802).
Outcomes
Early term (n = 3095)
Full term (n = 2707)
Nonlabor CD (n = 2610)
Labor-onset CD (n = 485)
Nonlabor CD (n = 2461)
Labor-onset CD (n = 246) scheduling may be an unmeasured confounder, which may possibly contribute to the increased risk of adverse outcomes in our data as well as in other observational studies (7, 19) . Finally, we find a cautious interpretation of our data necessary, as some of the studied outcomes were rare and we did not adjust for multiple testing. Several clinical changes may have occurred during the 23-year period since the cohort was established. The incidence of planned CD in our cohort has increased from 2% in 1990 to 9% in 2012 (data not shown). Before 2002, only women with an unscheduled CD received prophylactic antibiotics whereas from 2002 all women with CD were treated with prophylactic antibiotics. Surprisingly, the distribution of planned CDs performed within the four gestational weeks did not change substantially during the time period. Though we adjusted our data for cohort year as well as other important confounders, residual confounding may persist; but most likely with insignificant influence on the risk estimates.
In contrast to our findings, a previous study comparing neonatal respiratory morbidity after CD before or during labor according to gestational week found a lower risk of respiratory morbidity with laboring CD at 37 and 38 weeks, whereas at 39 weeks the risk was similar between nonlabor and labor CD (1) . Several other studies found that labor may lower the risk of neonatal, in particular respiratory, morbidity (3, (9) (10) (11) . The most important shortcoming of these studies is the weak definition of labor before CD, as they often use intended vaginal delivery as a proxy for labor onset. A likely longer duration of labor, the lack of the final stimulus from exiting the birth canal, and a potential different set of characteristics in women who intend to delivery vaginally (i.e. decreased maternal morbidity, no previous CD) hamper the extrapolation to women with a planned CD and labor-onset CD. Moreover, the lower gestational age among nonlabor, elective CD groups could add to explain an increase in neonatal morbidity among planned CDs (3, (9) (10) (11) .
We identified only one study that investigated CDs that were planned a priori (14) . In this study, labor onset was not associated with neonatal hospital admission or neonatal respiratory distress (13, 14) . Another study found no effect of labor onset; again, nonlabor CD was compared with intended vaginal deliveries (first-and second-stage CDs) and the mean gestational age was above 39 completed weeks in all three groups (13) . The findings from these two studies (13, 14) add to ours to support the hypothesis that gestational age is likely to be a stronger predictor of neonatal morbidity than labor onset.
Evidence is sparse on the association between maternal outcomes and labor onset before intended CD (20) (21) (22) . In a randomized trial comparing elective CD at 38 and 39 weeks, 7.7% of women in the 38-week group vs. 12.8% of the women in the 39-week group had a laboronset CD, but there was no overall difference in maternal composite outcomes (8) . In a large cohort of repeat CDs, the risk of maternal adverse events significantly increased with elective CD performed at 37 weeks (OR 1.53, 95% CI 1.02-2.29), but not at 38 weeks (OR 0.96, 95% CI 0.69-1.34) or later; the comparison group was expectantly managed CDs, including labor-onset CDs (23). Otherwise, studies have found that emergency CDs and increased cervical dilatation are associated with an increase in adverse maternal outcomes after CD, but none of the studies investigated intended CDs (20) (21) (22) . The decreased maternal blood loss observed with earl-term labor CD in our data set could be explained by a thinner lower uterine segment that could be more likely to respond to an oxytocin stimulus (24) .
Although the process of neonatal cardiorespiratory transition is complex and not fully understood, it seems to be partially regulated by changes in the expression of sodium channels due to the hormonal changes associated with labor (4) . In this regard, it seems plausible that labor onset before CD may contribute to a lower rate of neonatal respiratory distress. Nevertheless, our results do not support a strategy of awaiting labor before performing a planned CD to avoid neonatal respiratory disease. Conversely, our results do not support scheduling CD early term for avoiding spontaneous labor onset either. The elevated risk of unfavorable outcomes associated with labor-onset CD may be explained if common causes, i.e. known or unknown biological factors, both trigger labor onset and increase the risk of adverse neonatal outcomes (25) .
Our data indicate that nonlabor CD at or after 39 weeks is preferable, as it seems to carry the lowest risk of adverse events for child and mother. It would be cumbersome but probably feasible to conduct a clinical trial comparing planned CD performed before labor vs. after labor onset; however, until such evidence is provided we have to rely on observational data. Future studies particularly need to clarify the association between the duration and type of labor onset and the risk of neonatal or maternal infections, as it remains unclear whether PROM and contractions act as equivalent forms of labor exposure on perinatal complications.
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